The Vision for Exploration is currently focused on flying the Space Shuttle safely to complete our Space Station obligations, retiring the Shuttle in 2010, then returning humans to
•the Moon and learning how to proceed to Mars and beyond. likely not in the near future. Looking to the more distant future, this paper will examine some of the criteria that must be achieved by beamed energy propulsion to eventually contribute to human exploration of the solar system. The analysis focuses on some of the implications of increasing the payload fraction of a launch vehicle, with a quick look at trans-lunar injection. As one would expect, there is potential for benefit, and there are concerns. The analysis concludes with an assessment of the Technology Readiness Level (TRL) for some beamed energy
INTRODUCTION
Human exploration of space requires enormous quantities of material to be delivered to space on a somewhat regular basis. Support of a lunar base with logistics flights every 6 months or so, including both transfer and lander vehicles with lunar base equipment and consumables, will likely require more than 100 metric tons (MT) to low Earth orbit (LEO) for each launch. The current NASA plan is to utilize a heavy lift vehicle, Ares V, to deliver =120 MT to LEO and a smaller 22 MT payload launch vehicle, Ares I, to deliver human crews in the crew exploration vehicle, Orion, to the Space Station or to rendezvous with the Ares V payloads destined for the Moon. To support a Mars mission will require human rated vehicles similar in size to the Space Station to deliver the crew to Mars and to support the surface excursions. The Space Station was, and is continuing to be, assembled using the Space Shuttle, each flight carrying =20 MT of equipment. The large number of flights needed for assembly Clearly leads to an exploration requirement to deliver much larger segments to reduce the number of assembly flights for each expedition. However, the discussions in this paper will-concentrate on launch vehicles with a 25 MT payload capability to LEO . Beamed energy propulsion can only become competitive with current launch vehicle technologies when it can provide compelling benefits to performance and costs. For example, doubling the payload fraction (mp/mo, where mpl is the mass ofthe payload and mo is the gross lift-off weight or GLOW) of a launch vehicle without increasing launch costs would be a compelling benefit. To support exploration missions, the vehicle should deliver at least 25 MT to LEO. Larger vehicles delivering 125 MT to LEO would be desirable but their power requirements would also grow by a factor of 5.
BASIS OF COMPARISON
How much power and energy is required for a rocket to reach LEO? A chemically-powered launch vehicle obtains all of the energy gain from burning the propellants. Once in a circular orbit, the velocity of a vehicle or spacecraft is given by Eq. 1, where Vv is the vehicle inertial velocity, /le is the gravitational parameter for the Earth, rois the average radius of the Earth, and h is the altitude ofthe orbit [1] :
Thus, a spacecraft in a 200-km-altitude circular orbit has a velocity of 'Z7. 79 kmls, and from Eq. 2 that represents a specific kinetic energy (KE sp ) of'Z30.3 MJ/kg:
To achieve a 200-km orbit from an airless Earth, the energy integral, Eq. 3, requires 'Z7.97 km/s of velocity at the surface of the Earth to place the vehicle into an elliptical orbit with an apogee of 200 km, where a is the semi-major axis of the elliptical transfer orbit and v p is the velocity at perigee, assumed to be the Earth surface [1] :
The rotation of the Earth at 28.5°latitude provides 'ZOA kmls of this required velocity for a due-East launch. But then there are several velocity losses that must also be overcome by the rocket. Acceleration parallel to local gravity does not contribute to the required orbit velocity, and this acceleration over a finite burn time (tburn) will represent a gravity loss (VGL) that can be approximated by Eq. 4 [2] : (4) where_avg is thetime average pathangle. If we assume a finite burntime of _600s andanaverage pathangleof =80°, thentheexpected gravityloss,fromEq.4,will be _1.1km/s.
Sincethe Earthis not airless, therewill alsobe draglosses, typically_0.5 km/s, andtherewill be somesteering losses, typically_0.1km/s. So,the total changein ideal velocity requiredto achievea 200-km-altitude orbit apogeeis _9.2 km/s. Another0.06km/swill berequired to circularize theorbitatapogee. Theexactvalues for thesedeltavelocity(AV)partitions are,of course, dependent onthespecificvehicle andtrajectorycharacteristics, but thesevalues aremoreor lessrepresentative andare summarized in Table1. A AV of 9.2-km/s represents a specific energy of _42.3 MJ/kg for the mass that eventually reaches orbit apogee at 200 kin. For the rocket, this energy must come entirely from consuming the propellant. The rocket exhaust velocity (Vex) and the propellant specific energy (Esp) can be determined from propellant specific impulse (Isp), using Eqs. 5 and 6:
The Space Shuttle main engine, using liquid hydrogen and liquid oxygen propellant as an oxidizer/fuel ratio of 6, has an approximate Lp=456 s [3] . This produces an average exhaust velocity of _4.47 km/s and a propellant specific energy of _10 MJ/kg, substantially less than the specific energy of the mass delivered to orbit. The burning propellant increases the velocity and kinetic energy of the vehicle and its remaining propellant. To achieve a given AV, the required propellant mass fraction @) is determined from the rocket equation
and the payload fraction
where f_ is the propellant mass fraction of the stage without the payload and is determined by design and manufacturing capability. Table 2 shows some stage propellant mass fractions for a few vehicle stages. Using Eq. 7 with the AV and I_p The specific jet power (Psp) and the total jet power for lift-off (Pv) can be found from Eqs. 9 and 10, given the vehicle initial acceleration (a0):
For an initial acceleration of 1.4 gees (13.7 m/s) the Psp is _31 KW/kg, and the total power in the jet for the vehicle is more than 42 GW. Hydrogen (H2) and oxygen (O2) propellants deliver the highest Lp of currently available rocket propellants, yet an SSTO vehicle is still too marginal to be practical, and in reality, may not be possible.
The story looks more interesting with improved I w as shown in Fig. 1 . If one could add kinetic energy to the exhaust of this rocket engine to increase the I w by 100 s without decreasingf_, then the payload fraction would be increased to _7.8% and the total jet power at lift-off requirement would be reduced to _ 11.8 GW.
What does this mean for a beamed-power vehicle? Unless more energetic propellants are found or some other ultra-high-energy storage device is developed, the energy for higher I_p must come from off-board the vehicle. Air-breathing engines and beamed power (or perhaps a combination) are options--possibly the only options.
PSEUDO-CONCEPT FOR A BEAMED POWER LAUNCH VEHICLE
The following concept does not really represent any particular beamed energy concept and even may not be applicable to any. However, it has provided some insight into what may be required for possible applications to launch vehicles that could support human exploration missions. For analysis purposes, assume that a nonreusable, 25 MT payload to LEO, SSTO vehicle with H2+O2 engines has a beamed energy receiver that delivers the power to an engine augmenter that increases the exhaust velocity. Thrust augmentation may be achieved using laser ablation, lasersupported detonations (LSD), magnetohydrodynamics (MHD), or some other technique.
Also, assume that a beamed energy transmitter is located at the launch site, and on-board ships if others are needed so that they can be relocated for various mission-specific requirements.
Assume that the vehicle launches vertically with 1.4 gees of acceleration and within 600 s achieves sufficient velocity into a transfer orbit with an apogee of 200 km in about 180°of central angle.
The beamed energy receiver and augmenter will likely add some mass to the vehicle and will shift the performance curve. Figure 2 shows the GLOW for three cases where the mass (m,e) of the beamed energy equipment: (1) is twice the vehicle payload, (2) is equal to the payload, and (3) is equal to zero. Figure 1 indicates that the payload fraction can be increased to 7.8% if the I w is increased to 550 s with no increase in vehicle mass for the mBz. However, Fig. 2 shows that if the mBe is twice the payload mass, then the beamed energy equipment must have the capability to increase the I w to 850 s to have the same GLOW as the case where m,E-0 and Lp =550 s. For 1.4 gees of acceleration, Fig. 3 indicates that our propellant can provide _30 KW/kg from chemistry but 67 KW/kg is required for a jet to provide Iw= 1000 s; so, beamed energy must provide more than half the power to achieve this example. This, of course, must be multiplied by the chain of conversion efficiencies to arrive at the requirements of the power-beaming device, probably more than an order of magnitude. Figure 4 shows the total lift-off jet power needed for this vehicle for the range ofl_p and for the three mBe cases described above. Lower m_e significantly reduces lift-off j et power. Figure 5 shows the variation of the payload fraction with l,p for each of the three m_e cases described above. To achieve a payload fraction of 7.5 with mSF_,twice the payload mass will require 850 s of l_p, and the total jet power for lift-off will be 17.5 GW. Once again, the transmitted power is increased by the efficiency chain from the jet back to the grotmd-or ship-based equipment. 
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AREAS OF CONCERN
New potential solutions also bring new concerns and there are many that need to be mentioned.
One obvious concern is that, even if beamed energy can enable an lsp _ 1000 s for our H2+O2 propellant engines, the jet power requirements for our 25 MT payload is still more than 5 to 10 GW--an enormous amount of power. Increasing the exhaust velocity tends to increase the reaction chamber temperature, and launch vehicle rocket engines are already operating very close to the maximum material temperatures.
Reducing the molecular weight of the exhaust will reduce the reaction chamber temperature requirements for a given Isp requirement. Using more hydrogen will reduce the molecular weight but the tank sizes for hydrogen are enormous even for high lsp.
Coupling received power into the exhaust is likely to be very inefficient. The excess power rejection will be a cooling challenge.
LUNAR
MISSION DELTA VELOCITY REQUIREMENTS
Typical lunar mission A V requirements estimated using Eqs. 1 and 3 are shown in Table 3 . Actual values will depend, of course, on the specific mission profile and will likely vary somewhat.
It is not clear that any of these mission phases can be accommodated with beamed energy. Possibly the trans-lunar injection (TLI) could be accomplished with beamed power. A ground-based power transmitter would need to be positioned on the Earth close to the perigee point of the lunar transfer orbit, and this point might be different for each lunar mission. Perhaps a ship-based transmitter could be used for this purpose. The bum time would need to be _90 s to stay within view of an Earth-based power transmitter. An acceleration level of _35 m/s 2, or 3.5 gees, is required to add the TLI AV of 3.133 km/s within the 90 s of visibility. The mass being accelerated will be composed of the 125 MT Ares V payload plus the 25 MT Ares I-delivered Orion crew vehicle and service module, or = 150 MT total for the TLI maneuver.
The burn time for an all-chemical engine would likely be accomplished over =10min at 0.5 gees to reduce the engine size requirements. A geosynchronous satellite power transmitter could enable this TLI maneuver and perhaps some of the others near the Moon, depending on the orbit positions of the power satellite, the Moon, and the vehicle. The specific jet power for the TLI maneuver is shown in Fig. 6. 
BEAMED ENERGY TECHNOLOGY MATURITY
A large number of beamed energy concepts have been presented previously [4] , more than could be evaluated for maturity towards applications to human exploration missions. NASA has developed a Technology Readiness Level (TRL) definition to assist in the assessment of technology maturity.
The Air Force developed a questionnaire to try to put Air Force TRL estimates on a common basis [5] and NASA has refined this questionnaire to relate to NASA missions [6] ; but, of course, the results are still subjective and will reflect the biases of the individual evaluator. A TRL level of 6 is required before funding will be considered for mission applications but beamed energy propulsion (BEP) has not yet completed TRL 2. Table 4 The components evaluated for Technology Readiness and some of the concerns are shown in TableS. To achieve a payload mass fraction of 7.5% will require a high I w capability, probably >800 s, without a large vehicle mass increase and, to be competitive, this must also be accomplished without much increase in launch costs. Applications to the human lunar missions, other than launch to LEO, are probably not practical unless significant space-based infrastructure is developed first. A quick assessment of the Technology Readiness Level to support human exploration missions indicates that the necessary BEP components are close to completing TRL 2. 
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